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Energy relaxation of photo-excited charge carriers is of significant fundamental interest and crucial
for the performance of monolayer (1L) transition metal dichaclogenides (TMDs) in optoelectronics.
We measure light scattering and emission in 1L-WSe2 close to the laser excitation energy (down
to ∼0.6meV). We detect a series of periodic maxima in the hot photoluminescence intensity, stem-
ming from energy states higher than the A-exciton state, in addition to sharp, non-periodic Raman
lines related to the phonon modes. We find a period ∼15meV for peaks both below (Stokes) and
above (anti-Stokes) the laser excitation energy. We detect 7 maxima from 78K to room temperature
in the Stokes signal and 5 in the anti-Stokes, of increasing intensity with temperature. We assign
these to phonon cascades, whereby carriers undergo phonon-induced transitions between real states
in the free-carrier gap with a probability of radiative recombination at each step. We infer that
intermediate states in the conduction band at the Λ-valley of the Brillouin zone participate in the
cascade process of 1L-WSe2. The observations explain the primary stages of carrier relaxation, not
accessible so far in time-resolved experiments. This is important for optoelectronic applications,
such as photodetectors and lasers, because these determine the recovery rate and, as a consequence,
the devices’ speed and efficiency.
INTRODUCTION
Following optical excitation of a semiconductor above
the band gap, the subsequent energy relaxation path-
ways play an important role in optics[1–3] and charge
carrier transport[4, 5]. These processes are related to hot
charge carriers and excitons and are responsible for the
determination of the electron mobility[6], optical absorp-
tion in indirect band gap semiconductors[7], and inter-
valley scattering of hot electrons[7]. Photoluminescence
(PL) and Raman scattering can be used to probe the
interactions of carriers with phonons. In most materi-
als, different types of phonons with different energies can
participate in the relaxation process of excited carriers.
However, in some materials one type of phonon plays
a dominant role and leads to high order processes, e.g.,
up to 9 longitudinal optical (LO) phonon replicas were
reported in the hot PL of CdS and CdSe[8–10]. Multi-
phonon processes are important in defining the optoelec-
tronic performance of ZnO[11–14] and GaN[15]. Similar
effects were measured at 4.2K in bulk MoS2[16]. Ref-
erence [17] predicted that phonon-induced cascade-like
relaxation of excitons could be measured in pump-probe
experiments of TMDs. Reference [18] presented a model
whereby electrons (holes), e (h), make successive tran-
sitions between real states assisted by the emission of a
prominent phonon, while other inelastic scattering pro-
cesses have negligible probability. This gives rise to mul-
tiple Stokes-shifted lines.
Group VI transition metal dichalcogenide monolayers
(1L-TMDs) are promising for (opto)electronic devices[19,
20] due to their direct band gaps in the visible to near-
infrared[21–23], offering a wide selection of light emission
wavelengths at room temperature (RT)[22, 24]. Their
optical properties are dominated by excitons with bind-
ing energies of hundreds of meV[25], with spin and valley
properties (such as valley-selective circular dichroism[26])
highly beneficial for optoelectronics, valleytronics and
spintronics[27–36]. In 1L-TMDs charge carriers and ex-
citons interact strongly with phonons[4, 37–40]. The
optical oscillator strength, i.e. the probability of opti-
cal transitions between valence and conduction states[7],
is higher than in III-V quantum wells[7], resulting in
short (∼1ps[41]) exciton lifetimes. This also favors
hot PL emission, as excitons relax between several real
states[42, 43].
Here, we use an ultra-low (∼5cm−1 ∼0.6meV) cut-
off frequency (ULF) Raman spectroscopy system (Horiba
LabRam HR Evolution) to investigate the light scattered
and emitted by 1L-WSe2 on SiO2, hBN and Au, as well as
suspended 1L-WSe2. We observe phonon-assisted emis-
sion of hot PL periodic in energy both in the Stokes (S)
and anti-Stokes (AS) spectral range, and we extract a
phonon energy ∼15meV. The S signal shows 7 maxima
at 78. . .295K. We also detect up to 5 maxima in the anti-
Stokes signal ∼75meV above the laser excitation energy.
The AS signal increases in intensity as the temperature
(T) is raised. In order to explain the findings, we ex-
tend the theory of the cascade model initially developed
for bulk crystals[18], to 1L-TMDs. We include finite T
effects to compare S and AS signals and to understand
carrier relaxation at RT. By analyzing the T and excita-
tion energy dependence of our spectra, we conclude that
a continuum of states (in the free-carrier gap) is involved
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2FIG. 1. Raman and hot PL spectra of 1L-WSe2 on SiO2/Si (a) Emission and scattering spectrum of 1L-WSe2 at 295K
as a function of energy shift with respect to the excitation laser (2.33eV). The degenerate in-plane (E′) and out-of-plane (A′1)
Raman mode∼ 250cm−1[44], as well as the Si Raman peak∼ 521cm−1[45], are prominent in both S and AS. (b) Magnified
portion of the spectrum in yellow in (a). This reveals 7 periodic S peaks and 5 AS. Their intensity decreases as a function of
the energy shift for both S and AS
.
FIG. 2. Raman spectra of 1L-WSe2 on different substrates, at 295K and 514nm. Black points are the experimental
data. The red lines are the fitted cascades and yellow line is the sum of the fitted Lorentzians
in the e-h relaxation in 1L-WSe2. Intermediate states in
the conduction band around the Λ-valley of the Brillouin
zone (BZ) participate in the cascade process. Hot PL
so close in energy to the non-resonant excitation laser
gives access to the initial stages of carrier relaxation.
These processes are normally ultrafast (e.g. ∼100fs in
GaAs[46]) and challenging to be traced by time-resolved
experiments. Understanding the carrier relaxation path-
ways in 1L-WSe2 is important for optoelectronic applica-
tions, such as photodetectors[20] and lasers[47], because
it determines the recovery rate (i.e. the population of
carriers relaxing to the ground state over time) and, as a
result, the devices’ speed and efficiency.
RESULTS AND DISCUSSION
1L-WSe2 flakes are exfoliated from bulk 2H-WSe2 crys-
tals (2D Semiconductors) by micromechanical cleavage
on Nitto Denko tape[48], then exfoliated again on a poly-
dimethylsiloxane (PDMS) stamp placed on a glass slide
for inspection under optical microscope. Optical con-
trast is used to identify 1L prior to transfer[49]. Before
3FIG. 3. Phonon cascades for different laser ener-
gies. Raman spectra of 1L-WSe2 on SiO2/Si at 488, 514,
532, 633nm and 295K, shifted vertically for clarity
transfer, 85nm (for optimum contrast[49]) SiO2/Si sub-
strates are wet cleaned[50] (60s ultrasonication in acetone
and isopropanol) and subsequently exposed to oxygen-
assisted plasma at 10W for 60s. The 1L-WSe2 flakes are
then stamped on the substrate with a micro-manipulator
at 40◦C, before increasing T up to 60◦C to release 1L-
WSe2[51]. The same procedure is followed for transfer
of 1L-WSe2 on hBN, Au and Si substrates with 2µm Au
trenches made by lithography, to suspend the samples.
The Raman and hot PL spectra are recorded in a back-
reflection geometry with a 50X objective (NA=0.45) and
a spot size∼ 1µm. A liquid nitrogen cryostat (Linkam
Scientific) placed on a XY translational stage is used to
control T = 78 . . . 295K and excitation area. Imaging of
the sample and monitoring of the excitation spot posi-
tion are achieved using a set of beam splitters, aligned
to a charge-coupled device (CCD) camera. The PL
and Raman signals collected in the backward direction
are filtered by 3 notch volume Bragg filters with a to-
tal optical density (OD)=9. The cut-off frequency is
∼ 5cm−1 ∼ 0.6meV. The filtered signals are then fo-
cused on the slit of the spectrometer and dispersed by a
1800l/mm grating before being collected by the detector.
A typical RT Raman spectrum for 1L-WSe2 on SiO2/Si
measured at 532nm is in Fig.1a. The degenerate in-plane,
E′, and out-of-plane, A′1, modes of 1L-WSe2[44] domi-
nate the spectrum∼ 250cm−1 (−31meV) and∼ 250cm−1
(+31meV) in the AS and S range. Rescaling the intensity
within the region marked in yellow in Fig.1a reveals an
underlying periodic pattern, Fig.1b. Hereafter, for the
energy scale we use meV instead of cm−1.
We fit all the peaks between −120meV and +120meV
using Lorentzians (see Methods), as shown in red in
Fig.1b. There are 7 S peaks and 5 AS at 295K. The
peak∼120meV (∼970cm−1) originates from a combina-
tion of the Si substrate Γ1,Γ12,Γ25′ phonons[45]. Al-
though the energy separation between two consecutive
peaks is constant, the intensity decreases as a function of
energy with respect to the excitation energy (here fixed
at 0). To exclude other contributions, such as thin-film
interference effects[52, 53], we measure 1L-WSe2 trans-
ferred on Au, suspended, and placed on few-layer (FL)
(∼10nm) hBN, Fig.2. The intensity of the hot PL is
comparable among the same steps of the cascade and the
position of the peaks is the same. Therefore, the cascade
is linked to intrinsic relaxation mechanisms of 1L-WSe2
and not to substrate-induced interference. Henceforth we
will focus on 1L-WSe2 on SiO2/Si.
To exclude the possibility that our laser is in resonance
with a specific transition, we perform variable excitation
wavelength experiments at 295K. Figure 3 plots the spec-
tra measured at 488nm (∼2.54eV), 514nm (∼2.41eV),
532nm (∼2.33eV) and 633nm (∼1.96eV). We observe the
same high-order features with identical energy separa-
tions in both S and AS. All these excitation energies[54]
lie above the free carrier gap of 1L-WSe2 ∼1.89eV[55–
57]. Fig.4a plots the energy offset with respect to the
excitation laser (here 532nm) of each emission feature
as a function of the number of steps in the cascade at
295K. Applying a linear fit, we extract∼15.42±0.08meV,
regardless of substrate and excitation energy. This strong
periodic modulation of the detected light intensity sug-
gests that the scattering of photoexcited carriers is dom-
inated by one prominent phonon mode. Since we excite
above the free carrier gap of 1L-WSe2[55], the interme-
diate states of the transitions are real. The e-h pair rep-
resentation is depicted in Fig.5a.
The lattice T could affect the peaks intensity, as
phonon occupation increases with T[58, 59]. We thus
perform T dependent measurements from 78 to 295K,
while keeping the excitation power constant∼26µW. No
emission AS features are observed at 78K, Fig.4b, with
the exception of two sharp lines∼ −30 and∼ −60meV,
originating from 1L-WSe2 and Si Raman modes, respec-
tively. The hot PL peaks are clearly seen at 200K, Fig.4c,
and a further increase in intensity is observed at 250K,
Fig.4d. Additional measurements at 120, 160, and 295K
are performed and used in the fits in Fig.5.
At low T (78K), phonon absorption processes are
suppressed because of the insufficient lattice thermal
energy[58]. Optical excitation results in free e-h pair
formation[60, 61] or virtual formation of an exciton with
small in-plane wavevector (k . ωi/c with ωi the excita-
tion laser frequency). With the subsequent phonon emis-
sion, the e-h pair reaches a real final state (blue parabola
in Fig.5a), for which radiative recombination is forbid-
den by momentum conservation. This triggers the cas-
cade relaxation process, whereby at each step a phonon
is emitted (or absorbed at elevated T). If the interaction
with one phonon mode with energy ~Ω dominates over all
4FIG. 4. Energy separation and T dependence (a) Emission energies as a function of number of steps in the cascade,
extracted from the RT spectrum in Fig.1b. The dashed black line is a linear fit, giving a step energy∼15.42±0.08meV. (b-
d)Hot PL spectra of 1L-WSe2 at (b) 78K, (c) 200K, (d) 250K for 532nm excitation
other inelastic scattering processes, the exciton loses en-
ergy by integer multiples of ~Ω[7, 18]. After emission of
several (>2) phonons, the exciton recombines and emits
a photon with frequency ωf in a two-step process via an
intermediate state with a small wavevector, for which ra-
diative recombination is momentum allowed. Thus, we
have secondary emission or scattering of light with S shift
ωi − ωf = jΩ, where j = 2, 3, . . .. j = ±1 is impossible
as we scatter out of the light cone (i.e. light linear dis-
persion) with the first event. At finite T, in addition to
phonon emission, phonon absorption also comes into play
and AS emission is observed at ωf − ωi = jΩ.
Multiphonon processes that do not involve real
states require higher order in the exciton-phonon
interaction[62], and are therefore less probable. In con-
trast, the process in Fig.3 is resonant, since excitation
in the free-carrier gap means all intermediate states are
real. This allows us to describe the phonon emission cas-
cade via the kinetic equation for the exciton distribution
function f(ε), where ε is the exciton energy, as derived
in Methods. Since the energy of the exciton changes in
each scattering event by ±~Ω, the distribution function
can be written as:
f(ε) =
∞∑
j=−∞
fjδ(ε0 − j~Ω) (1)
where ε0 is the excitation energy, δ(ε) is the Dirac δ-
distribution (the phonon dispersion and phonon damp-
ing results in the broadening of the δ-distribution,as de-
tailed in Methods), fj describe the peaks intensity. At
the steady state (partial derivative with respect to time
equals zero) these obey a set of coupled equations de-
scribing the interplay of in- and out-scattering processes:
γfj = γo [fj−1(no + 1) + fj+1no] + gδj,0,
j = . . . ,−2,−1, 0, 1, 2, . . . . (2)
5FIG. 5. Comparison between experiments and theory (a) Scheme of phonon-assisted hot PL. The incident, ~ωi, and
outgoing, ~ωf , photons are shown by dotted magenta vertical arrows. The phonons participating in the cascade are indicated
by the green arrows. The e-h pair dispersion curve is the blue parabola. The light cone is shown by red dashed lines. (b)
Calculated S/AS spectrum at different T. (c) IS/IAS for different numbers of cascade steps as a function of T. Filled circles are
experimental data at 532nm. The fit with Eq.(9) is indicated by dot-dashed lines. (d) Extended BZ of 1L-WSe2. Corresponding
valleys are marked as Γ, K, K′ and Λi, Λ′i (i = 1, . . . , 3)
where no = [exp (~Ω/kBT )− 1]−1 is the phonon mode
occupancy at T , γo is the rate of the spontaneous phonon
emission, γ = γo(2no+1)+γ
′, is the total damping rate of
the exciton, which includes recombination and inelastic
scattering processes γ′. The last term in Eqs.(2), gδj,0,
describes the exciton generation at the energy ε0, and is
proportional to the exciton generation rate. Equation (2)
has the boundary conditions:
lim
j→−∞
fj = 0, fK+1 = 0, (3)
where K is the maximum number of steps in the cascade:
K =
⌊
~ωi − E1
~Ω
⌋
, (4)
with E1 the energy of the exciton band bottom. Equa-
tions (2) are derived assuming γo and γ
′ independent of ε.
This assumption is needed to get an analytical solution
of Eqs.(2), but can be relaxed, as discussed in Methods.
The general solution of Eqs.(2) is:
fj =
{
Axj+, j < 0,
Bxj+ + Cx
j
−, j 6 0,
(5)
where
x± =
γ ±√γ2 − 4no(no + 1)γ2o
2γono
, (6)
and x+ > 1 and x− < 1, A, B, and C are the coefficients.
For cascades with K  1 we can set B = 0 and
A = C =
g√
γ2 − 4no(1 + no)γ2o
=
g√
γ2o + γ
′2 + 2γoγ′(1 + 2no)
. (7)
In this model, the spectrum of the scattered light consists
6of peaks with I∝ fj , with scattering cross-section:
σ(ωi, ωf ) = σ0(ωi, ωf )
×
∞∑
j=2
′
1
pi
2Γ
4Γ2 + (jΩ− ωi + ωf )2 fj . (8)
Here σ0(ωi, ωf ) is a smooth function of frequency, Γ is
the phonon damping. This description is valid for peaks
with |j| > 1, the prime at the summation denotes that
the terms with j = 0,±1 are excluded. Accordingly, the
peaks with Raman shift ±~Ω are suppressed. At no → 0
(limit of low T), x+  1 and Ij with negative j (AS com-
ponents) are negligible. At the same time, x− → (γo/γ)
and the S peak intensities, IS , scale as (γo/γ)
j . This
scaling is natural for cascade processes[7, 63, 64], since
the probability of phonon emission relative to all other
inelastic processes is given by γo/γ, thus IS decays in ge-
ometric progression. At finite T, the AS peaks appear
with IAS proportional to the thermal occupation of the
phonon modes. Thus IS/IAS with j steps in the cascade
can be written as:
IS(j)
IAS(j)
=
fj
f−j
=
(
1 +
1
no
)j
, (9)
and corresponds to the ratio of phonon emission and ab-
sorption rate to the power of j.
The calculated I distribution and spectra at various T
(corresponding to different no) are in Fig.5b. Fig.5c plots
IS/IAS as a function of T from Eq.(9). The experimental
points collected from the fitted I of each step in the cas-
cade at 532nm excitation are displayed with circles. The
absence of data at 78K indicates no detection of IAS at
this T. Applying Eq.(9) to the steps 2 to 5 in the cascade
with a phonon energy∼15.4meV extracted from Fig.4a,
gives the dashed lines in Fig.5c, in good agreement with
experiments.
Our model well captures the main experimental obser-
vations. The periodic pattern of hot PL I is reproduced
by the calculations, Fig.5b, and IS/IAS closely follows
Eq.(9), Fig.5c. There is good agreement between our ex-
perimental data and the calculated spectra from Eq.(2).
An example for no=0.5 at 160K is in Fig.6a. In our
model, the peaks with j = ±1 are absent because N > 2
phonons are needed for the first step of the cascade pro-
cess, as for Fig.5a. Fig.1 shows that j = ±1 peaks are
smaller than j = ±2 ones, but still detectable. One sce-
nario disregarded in our model is a process where the
two phonons are emitted and then one is absorbed (or
vice versa). In this case Ij=1/Ij=2 should be strongly T
dependent in the 78 . . . 295K range. This is indeed the
case in our experiment, Fig.6b. This additional channel
is also based on the interaction with the same phonon
energy∼15meV. Another possible effect is elastic scatter-
ing of excitons by disorder or acoustic phonons, whereby
FIG. 6. (a) Experimental data at 160K (black line) com-
pared to the calculated spectrum from Eq.(2) for no=0.5. (b)
Ratio of measured intensities of j = 1 to j = 2 peaks and
corresponding fit with Eq.(28)
exciton transitions in and out of the light cone can be
controlled by elastic scattering (see Methods for details).
To get a better understanding of the relaxation path-
ways, we consider different scattering mechanisms.
Scattering within the same valley is not plausible
due to the mismatch of BZ centre phonon energies[37].
∼15meV could correspond to either Γ − K or Γ − Λ
phonons. The phonon dispersion in 1L-WSe2 show acous-
tic phonons with energies∼15meV[37, 65]. These have a
flat dispersion, necessary to observe the high number of
oscillations we report, and are compatible with the model
in Fig.5a.
Another option involves K-K ′ scattering of e (h) or,
equivalently, Γ-K scattering of excitons. This would re-
sult in I oscillations as a function of the step in the cas-
cade, due to the suppression of the process Γ → K →
K ′ → Γ compared to Γ → K → Γ (see Methods for
details). However, we do not observe I oscillations for
different cascade steps in our spectra. As a result, we ex-
clude this scenario. Therefore, the excitonic states in the
7Λ valleys play a role as intermediate states, Fig.5d. The
conduction band minima in these valleys are relatively
close (∼35meV) to K and play a crucial role in exciton
formation and relaxation[66–70]. In this case, h remain
in K (or K ′), but e scatter to any of the 6 available Λ
valleys and then scatter between these Λ valleys before
going back to K (K ′). This can be described taking into
account all pathways, as:
photon→ Γ ~Ω−−→ Λi ~Ω−−→ . . . ~Ω−−→ Λ′j︸ ︷︷ ︸
j
~Ω−−→ photon,
with arbitrary number of steps j (both odd and even).
The matrix elements of the processes are similar.
Similar oscillations can appear for free e and h[18]. The
basic description of the effect is similar to what we ob-
serve here, and our model can be extended to take into
account the e/h distribution functions. The spectra of
scattered light and IS/IAS are similar to those calculated
above. We cannot distinguish between exciton and the
free carrier cascades directly in our experiments. The ex-
citonic description, however, seems straightforward due
to enhanced (with respect to bulk materials) Coulomb
effects in 1L-TMDs[25].
CONCLUSIONS
We investigated the light scattered and emitted 1L-
WSe2 excited above the free carrier gap. We detected
a periodic modulation of phonon-assisted hot PL with a
period∼15meV both in Stokes and anti-Stokes. We mea-
sured the evolution IS and IAS for the periodic steps from
78 to 295K. We explained these high-order processes us-
ing a cascade model where electrons (holes) make succes-
sive transitions between real states with a finite probabil-
ity of radiative recombination at each step. The electron
states in the Λ valleys play a role as intermediate states
for efficient exciton relaxation. Our findings provide fun-
damental understanding of the initial steps of exciton
relaxation dynamics in 1L-WSe2 and are valuable for tai-
loring optoelectronic applications based on this material.
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METHODS
Raman and PL spectra fitting
Fig.7 shows representative data fits. The spectrum,
measured at 295K at 532nm, is shown with black dots.
Lorentzians are used to fit the Raman peaks (FWHM∼1-
10cm−1) and are shown in blue. The residual spectral
weight is also fitted with Lorentzians and results into
the broader (FWHM∼50-80cm−1) peaks of the hot PL,
shown in red.
Diagrammatic calculation of Stokes scattering at 0K
For 0K, we calculate the S emission. The light scat-
tering cross-section can be written as (disregarding po-
larization dependence):
σ(ωi, ωf ) = s
∑
k
Sk(ωi, ωf ), (10)
where s is a prefactor weakly dependent on the initial and
final frequencies, Sk(ωi, ωf ) is the effective cross-section
due to the participation of k phonons in the intermedi-
ate states, shown by green arrows in Fig.5a. We assume
that photoexcitation results in the generation of excitons
due to their high (hundreds of meV) binding energies[25].
The description in the case of unbound e-h pairs is similar
and outlined below.
The calculation of the partial contributions Sk(ωi, ωf )
can be performed in the framework of the diagram tech-
nique of Refs.[63, 64, 71]. We extend their treatment to
the two-dimensional case, with the exciton-phonon inter-
action described by the matrix element M0, independent
of wavevector. Phonons, as in Refs.[37, 65], are consid-
ered as dispersionless. This is reasonable for 1L-TMDs
where Fro¨hlich coupling is suppressed[72, 73]. Following
Ref.[73], we introduce the coupling constant:
β =
2Sm|M0|2
~3Ω
, (11)
where S is the normalization area, m the exciton trans-
lational mass and Ω the phonon frequency. We focus
on one excitonic band (stemming from 1s excitons), and
disregard the multivalley structure of 1L-TMDs[25] for
simplicity. The exciton damping rate in the state with
wavevector k due to emission of dispersionless phonons
is given by:
γo,k =
1
2τo,k
=
pi
~
∑
k′
|M0|2δ(Ek − Ek′ − ~Ω) =
βΩ
4
Θ(Ek − ~Ω),
(12)
where Ek = ~2k2/2m is the exciton dispersion, Θ(x) is
the Heaviside step function. The total damping rate
8FIG. 7. Fitted 1L-WSe2/SiO2/Si spectrum, collected at 295K and 532nm
FIG. 8. (a-b) Feynman diagrams corresponding to the two-
phonon processes. The dotted magenta lines are the photon
Green functions in the free space. Blue lines are exciton Green
functions (retarded ones at the left-hand side, before the in-
ternal photon function, and advanced at the right-hand side).
Wiggly lines are phonon Green functions D−.
of the exciton γk > γo,k contains also the contribu-
tions due the interaction with acoustic phonons[74, 75],
disorder[76], non-radiative[76] and radiative (for states
within the light cone) damping[31].
Correspondingly, the exciton retarded Green functions
read:
G(ε,k) =
1
ε− Ek + iγk . (13)
By labelling Γq the phonon damping, the Green functions
become:
D(ω, q) =
1
~ω − ~Ω + iΓq , (14)
D−(ω, q) = D(ω, q)−D∗(ω, q) = −2iΓq
(~ω − ~Ω)2 + Γ2q
.
Figure 8a illustrates the relevant diagrams describing the
two-phonon process:
S
(a)
2 = −|M0|4
∑
k
∫ ∞
−∞
dω
2pi
G(~ωi − E1,κi)
×G(~ωi − E1 − ~ω,k)G(~ωf − E1,κf )
×D−(ω,κi − k)D−(ωi − ωf − ω,k − κf )
×G∗(~ωi−E1,κi)G∗(~ωi−E1−~ω,k)G∗(~ωf −E1,κf )
= −|M0|4 |G(~ωi − E1,κi)|2 |G(~ωf − E1,κf )|2
×
∑
k
∫ ∞
−∞
dω
2pi
D−(ω,κi − k)D−(ωi − ωf − ω,k − κf )
× |G(~ωi − E1 − ~ω,k)|2 . (15a)
S
(b)
2 = −|M0|4 |G(~ωi − E1,κi)|2 |G(~ωf − E1,κf )|2
×
∑
k
∫ ∞
−∞
dω
2pi
D−(ω,κi − k)D−(ωi − ωf − ω,k − κf )
×G(~ωi−E1− ~ω,k)G∗(~ωf −E1 + ~ω,κi +κf −k)
(15b)
where E1 = Eg−Eb,1s is the 1s exciton excitation energy,
Eb,1s is its binding energy.
9Figure 8a describes the process where two phonons are
emitted one after another. Figure 8b shows the quan-
tum interference of two-photon emission processes[63].
When Γq  γk, the contribution in Fig.8b and given
by Eq.(15b), is smaller by a factor γk/Γq, compared to
the non-crossing contribution in Fig.8a.
We now focus on the more realistic case where Γq 
γk. For simplicity we disregard the k-dependence of γk
and the q-dependence of Γq and omit the corresponding
subscripts. Thus:
S
(a)
2 =
4Γ
4Γ2 + (2Ω− ωi + ωf )2 |M0|
2 |G(~ωi − E1,κi)|2
× |G(~ωf − E1,κf )|2
× 1
~
∑
k
|M0|2
~2γ2 + (~Ω + ~ωf − E1 − Ek)2 (16a)
S
(a)
2 =
4Γ
4Γ2 + (2Ω− ωi + ωf )2 |M0|
2
× |G(~ωi − E1,κi)|2 |G(~ωf − E1,κf )|2 1~
×
∑
k
|M0|2
(~ωf + ~Ω− E1 − Ek + iγ)
× 1
(~ωf + ~Ω− E1 − Ek′ − iγ) , (16b)
with k′ = κi + κf − k.
Note that
1
~
∑
k
|M0|2
~2γ2 + (~Ω + ~ωf − E1 − Ek)2 =
γo
γ
,
1
~
∑
k
|M0|2
(~ωf + ~Ω− E1 − Ek + iγ)
× 1
(~ωf + ~Ω− E1 − Ek′ − iγ) =
γo/γ√
1 +
( |κi+κf |v
2γ
)2 , (17a)
where v =
√
2(~ωf + ~Ω− E1)/m. Thus:
S
(a)
2 =
4Γ
4Γ2 + (2Ω− ωi + ωf )2 |M0|
2
×γo
γ
|G(~ωi − E1,κi)|2 |G(~ωf − E1,κf )|2 ,
(18a)
S
(b)
2 =
S
(a)
2√
1 +
( |κi+κf |v
2γ
)2 . (18b)
The factor
|κi + κf |v
2γ
∼ leff
λ
,
FIG. 9. (a) Multiphonon scattering in the non-crossing ap-
proximation. (b) Hot PL for γo/γ = 0.9, Γ/Ω = 0.1, K = 10.
where leff is the effective mean free path of the exci-
ton, and λ is the characteristic wavelength of light. In
backscattering in plane, since scattered light is emitted
by both 1L-WSe2 sides:
κf = −κi, (19)
the diagram with crossed phonon lines doubles the result
stemming from the diagram in Fig.8b. This is due to
coherent backscattering (or weak localization) effect[5,
77]. Otherwise the contribution of the diagram Fig.8b
is negligible, provided that leff  λ. While the latter
condition may not be strictly fulfilled in 1L-TMDs[5], we
disregard the contributions due to the crossed diagrams
to provide an analytical model.
Importantly, the phonon scattering is resonant, taking
place via real intermediate states and, accordingly, the
scattering cross-section acquires a factor γoγ , which gives
the probability for an exciton to emit a phonon during
its lifetime in a state with wavevector k. If inelastic scat-
tering is dominated by a single phonon mode, γo/γ can
be close to unity.
We now consider multiphonon processes. Within the
non-crossing approximation, where we take into account
the diagrams where the phonon propagators do not cross,
i.e., we disregard the interference of the phonons, we can
sum the contributions of the diagrams in Fig.9a with k =
2, 3, . . . phonon lines.
The maximum number of phonons involved in the pro-
cess is given by Eq. (4). Performing the calculations
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analogous to those presented above we get Eq. (8). In
particular for K →∞ we get:
σ(ωi, ωf ) = σ0(ωi, ωf )
x
pi
×<
 2F1
(
1,
−2iΓ+2Ω−ωi+ωf
Ω ,
−2iΓ+3Ω−ωi+ωf
Ω , x
)
2Γ + i(2Ω− ωi + ωf )
 ,
(20)
with 2F1(a, b, c, x) the hypergeometric function, and x =
γo/γ.
A typical calculated spectrum at 0K considering the
S component of the emission is in Fig.9b. Each cascade
step provides a factor γo/γ to the scattering cross-section.
If the scattering rates γo and γ are energy dependent,
the S component of emission at jth step is given by the
products
Ij ∝
j∏
k=2
γo(k)
γ(k)
, (21)
where the argument k denotes the step of the cascade
(i.e., the energy) where the corresponding scattering rate
is taken.
In the presence of static disorder, or quasi-elastic
acoustic phonon scattering with negligible energy trans-
fer, additional diagrams with the corresponding scatter-
ing processes should be taken into account. To illustrate
that elastic scattering processes do not suppress oscil-
lations in the Raman and hot PL, we consider exciton
scattering by static impurities with scattering rate γimp,
with γ, the total exciton scattering rate. Taking into ac-
count diagrams similar to Fig.9a, but with impurity lines,
γo/γ is renormalized by elastic scattering as:
γo
γ
→ γo
γ
∞∑
n=0
(
γimp
γ
)n
=
γo
γ − γimp . (22)
This means that for elastic scattering the exciton energy
does not change, thus it does not smear-out the I oscil-
lations.
Kinetic equation
The non-crossing approximation corresponds to a ki-
netic equation model where the exciton dynamics after
optical excitation is described by the Boltzmann equation
in the form[78]:
γ′f(k) =
∑
k′
Wkk′ [fk′ −Wk′kfk] + gk. (23)
with Wk′k the transition rate between states with
wavevectors k and k′, with phonon emission or absorp-
tion. For simplicity, we disregard elastic scattering. γ′
is the damping rate unrelated to exciton-phonon inter-
action, gk is the exciton generation rate. The kinetic
equation also allows us to account for finite T effects[78].
It is convenient to average fk over the in-plane direc-
tions of k, and consider just the exciton energy distri-
bution function f(ε). The latter can be recast as [cf.
Eq. (1)]:
f(ε) =
∞∑
j=−∞
fjδ(ε0 − j~Ω), (24)
with fj satisfying the set of equations:
γfj = γo [fj−1(no + 1) + fj+1no] + gj ,
j = . . . ,−2,−1, 0, 1, 2, . . . , (25)
where
no =
1
exp
(
~Ω
kBT
)
− 1
,
is the phonon mode occupancy at T, γo is the rate of
spontaneous phonon emission,
γ = γo(2no + 1) + γ
′,
is the total exciton damping rate. gj is the exciton gener-
ation rate in the state j related to the process of virtual
formation of the exciton within the light cone, and its
consequent relaxation to the real state with the phonon
emission or absorption. Thus, the non-zero values of gj
are:
g1 = g(no + 1), g−1 = gno, (26)
with g a parameter. In the main text we replaced the
generation rate Eq.(26) with a simplified model with g0 =
g 6= 0. This is also valid if elastic scattering is strong
and excitons can leave the light cone via static defect
scattering.
Since photon emission requires a phonon-induced tran-
sition, I of peak j with phonon-induced energy shift j~Ω
is given by:
Ij = fj−1γo(no + 1) + fj+1γono ∝ fj . (27)
The last proportionality is due to the kinetic Eq.(25) and
is valid for j 6= 0,±1.
We now address I of |j| = 1 peaks. We consider
Ij=1/Ij=2 as plotted in Fig.6. The mechanisms of j = 1
peak formation are as follows. (i) Elastic disorder-
induced scattering, Eq.(22), which provides a transfer
between states within the light cone and states at the
dispersion. (ii) Combination of phonon emission and ab-
sorption, where the j = 1 peak appears as a result of two
phonon emission followed by one phonon absorption. In
(i) Ij=1/Ij=2 is not dependent on T, while in (ii):
Ij=1
Ij=2
= exp
(
− ~Ω
kBT
)
, (28)
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FIG. 10. Schematic band diagram and scattering pathways in e-h representation. (a) Extended BZ with K valley shown twice
for convenience. (b) Initial state Γ (K −K) exciton. (c) After first phonon scattering K (K′ −K) exciton. (d) After second
phonon scattering we have K′-like (Γ −K) exciton. (e) e-h interaction brings a Γ −K exciton to the K′-exciton (K −K′).
Open circle denotes empty state (h state can be obtained by time-reversal). (f) Scattered I accounting for Γ → K → K′
photon-assisted transitions for γ′/γo = 0.3, γ′′/γo = 0.3, at 0K
strongly depends on T. The results of Eq.(28) and plotted
in Fig.6 by a solid line and agree with experiments. Elas-
tic processes could be the origin of a small offset between
the experiment and the fitted curve.
Cascades in a free carriers model
Cascades in phonon-assisted hot PL are possible for
free carriers, i.e., for e-h pairs in the continuum states.
In this situation the phonon-assisted e/h relaxation is
independent, and governed by Eq.(25). Light scattering
can be represented as
photon→ electron,k + hole,k
~Ω−−→ electron,k − q + hole,k . . .
~Ω−−→ electron,k + hole,k→ photon.
Accordingly, we expect oscillations in scattered light I
with period ~Ω.
Intervalley scattering model
We now consider the case of exciton scattering enabled
by BZ edge phonons with wavevectors Q ∼ ±K. An
exciton scatters between the Γ valley (K−K or K ′−K ′
exciton) and K/K ′ valleys (K ′−K and K−K ′ excitons),
Fig.10a. Photon emission occurs only for the states with
small wavevectors (∼the photon ones), according to the
paths:
photon→ Γ ~Ω−−→ K ~Ω−−→ photon;
photon→ Γ ~Ω−−→ K ~Ω−−→ K ′ ~Ω−−→ photon;
photon→ Γ ~Ω−−→ K ~Ω−−→ Γ ~Ω−−→ K ~Ω−−→ photon;
photon→ Γ ~Ω−−→ K ~Ω−−→ Γ ~Ω−−→ K ′ ~Ω−−→ photon; . . .
Processes like “Γ
~Ω−−→ photon” are forbidden due to mo-
mentum conservation.
The set of equations describing the processes is:
γΓf
Γ
j = γo
[
fKj−1(no + 1) + f
K
j+1no
]
+
γo
[
fK
′
j−1(no + 1) + f
K′
j+1no
]
+ gδj,0,
γKf
K
j = γo
[
fΓj−1(no + 1) + f
Γ
j+1no
]
+
γ′o
[
fK
′
j−1(no + 1) + f
K′
j+1no
]
,
γK′f
K′
j = γo
[
fΓj−1(no + 1) + f
Γ
j+1no
]
+
γ′o
[
fKj−1(no + 1) + f
K
j+1no
]
. (29a)
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with fΓj , f
K
j and f
K′
j the exciton occupancies in the cor-
responding valley. γo and γ
′
o are the photon spontaneous
emission rates for the scattering processes Γ ↔ K/K ′
and K ↔ K ′, respectively, and the decay rates
γΓ = γo(2no+1)+γ
′, γK = γK′ = (γo+γ′o)(2no+1)+γ
′′.
The scattering processes in the e-h picture are pre-
sented in Figs.10b-e. These demonstrate that γo and
γ′o are different because the second process (K ↔ K ′)
needs additional Coulomb interaction, Figs.10c-e. Thus,
direct phonon-induced K ↔ K ′ transfer is impossible,
and the corresponding process takes place via an inter-
mediate state with e in the Γ valley. The results of the
calculations in Fig.10f demonstrate that pronounced I os-
cillations should take place at low T (below the phonon
energy). These oscillations are not observed experimen-
tally in Fig.4, ruling-out this pathway.
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